ABSTRACT This paper presents a flexible sliding sensor that is capable of generating signals for wireless controlling applications. The sensor is based on the coupling of triboelectrification and electrostatic induction effects. A signal processing circuit has been designed to process the alternating current (AC) signal generated by the sensor, which is exerted to control a mobile robot in real time. Three triboelectric-based sensors have been designed in different sizes and shapes. Two of them are based on a peak-detection mechanism with different control instructions formed from the varying number of peaks. The other octagonal-shaped sensor is based on an encoding method by changing the spacing between the strip electrodes. According to our experimental results, the triboelectric nanogenerator (TENG)-based sensors have high recognition accuracy that is higher than 97%. The flexibility of the sensor enables it to be attached to different devices, such as mobile phones, tablets, and laptops. The TENG-based sensors themselves can generate signals without an external power supply, which has a great advantage toward the Internet of Things (IoT) applications. 
I. INTRODUCTION
The Internet of Things (IoT) has attracted vast attention in recent years, which enables the wireless connection and controlling of devices by the Internet [1] , [2] . The IoT has been used in applications for remote monitoring and controlling, such as healthcare [2] , [3] , smart home [4] and environmental monitoring [5] , [6] . However, power consumption is a major challenge in developing IoT applications, because continuous power is required by the sensor node to maintain the longterm connectivity [2] . Researchers have put a lot of effort into the energy harvesting techniques for IoT applications, such as solar energy, kinetic energy and radio frequency (RF) energy [7] - [9] . Therefore, it is desirable to develop selfpowered sensors for IoT applications that can reduce the power consumption of sensor nodes.
Triboelectric nanogenerators (TENGs) convert mechanical energy into electric energy based on the triboelectrification and electrostatic induction effects [10] - [12] .
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With the advantages of self-powered, cost-effective, simple structure, easy fabrication, portable and high reliability [13] , [14] , TENGs are used in many different applications, such as energy harvesting [15] - [18] , vibration sensing [19] , impacts sensing [20] , gas sensing [21] , [22] , humidity sensing [23] , tracking system [24] , and acceleration sensing [25] . Because of its self-powered mechanism and low-cost, triboelectric-based sensors are gaining increasing popularity in IoT applications [26] , [27] .
With the rapid development of IoT technologies and sensor technologies, there is a high demand for human-machine interfaces (HMIs). Control interfaces are the essential components in the HMIs for handling human-machine interactions. Researchers have demonstrated great advantages of TENGbased HMIs, such as TENG-based touch sensors and keyboards. In [28] , a transparent and flexible triboelectric sensing array which is able to realise touch sensing, spatial mapping and trajectory is presented. The work in [29] presents a wearable fabric keyboard for text-typing and musical playing. A keyboard based on a novel resonant TENG is presented in [30] . Each key can generate a unique range of oscillating VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ frequencies. Therefore, a key press can be identified. These triboelectric-based sensors have demonstrated great potential in developing HMIs, including self-generated output, stable performance, excellent durability, low-cost, and excellent flexibility. However, these triboelectric-array-based control interfaces have limitations in achieving higher resolution. Not only are additional sensor arrays required, but also additional data acquisition units (DAQ) will be necessary. This is because each sensor unit in the array requires an independent data acquisition channel.
In this paper, we propose a sensing circuit for detecting signals generated from triboelectric-based sensors and creating control signals for controlling remote robotic devices via a wireless XBee R network for IoT applications. The control interface is based on a single-output-electrode. Thus only one output data acquisition channel is required. Based on the peak-detection and encoding algorithms proposed in this work, higher control resolution can be achieved without increasing the number of output electrodes and DAQ, which demonstrates excellent potential in developing highresolution control interfaces. Figure 1 shows the overview of the triboelectric-based sensors system in the IoT applications. Three sensors with a single output electrode are fabricated and tested in this work. Two of the sensors are based on a peak-detection algorithm, where different control instructions will be generated according to the number of peaks detected. The third sensor is based on an encoding method, which is designed for the situation when numerous instructions are required for controlling. To evaluate the feasibility and performance of the proposed sensors and controlling circuit, a mobile robot with wireless live streaming video transmission system is designed and constructed for demonstration. This paper is organized as follows: Section II describes the mechanism of the triboelectric-based sensors and the details of the signal processing circuit design. Section III presents the experimental results. The conclusion is given in section IV.
II. SYSTEM DESIGN
This section presents the implementation of the triboelectricbased sensor system towards the IoT applications. The system consists of 4 major parts: (1) triboelectric-based sensors; (2) a sensor signal processing circuit; (3) a microcontroller (MCU) and a wireless transmitter and receiver for controlling the end node; (4) a mobile robot with a camera and a live streaming video transmission system.
A. TRIBOELECTRIC-BASED SENSORS
The structure diagram and the design of triboelectric-based sensors are shown in Figure 2 . The triboelectric-based sensors consist of three layers. The top layer is a soft polytetrafluoroethylene (PTFE) film with a thickness of 0.1 mm as the negative triboelectric material [31] , [32] . The middle layer is the electrode layer. It is a single-output-electrode. The electrode is made of aluminium (Al) foil strips (0.09 mm in thickness) and is deposited under the PTFE film as the signal electrode. The bottom layer is a polydimethylsiloxane (PDMS) substrate. PDMS is used as the substrate because it is a flexible insulator. Due to its flexibility, the sensor can be easily attached to different devices, such as mobile phones, tablets and laptops. Three different sensors have been fabricated in this work as shown in Figure 2 (b-d) . Each sensor has a single-signal-output-electrode and is surrounded by Al foil to the ground in order to minimise the influence of the unwanted electrostatic induction from the ambient environment. The sensors depicted in Figure 2 (b) and (c) are based on the peak-detection algorithm. As the finger slides from the middle Al pad and across different number of electrodes in different directions, it will result in different number of output peaks corresponding to the number of electrodes. Therefore, direction sensing can be realised accordingly. Figure 2 (b) is an ID card-sized sensor with dimensions of 5.5 cm × 8.5 cm. The width of the Al electrode strip is 2 mm with 3 mm spacing between two adjacent electrodes. The sensor, which is portable, is designed to be capable of attaching to ID-cards or mobile phones. Figure 2 (c) is a tablet-sized sensor with dimensions of 13.5 cm × 23 cm. The width of the Al electrode strip is 4 mm with 14 mm spacing between two adjacent electrodes. Compared with the ID-card size sensor, this tablet-sized sensor has a 14 mm spacing between two adjacent electrodes which allows the finger to slide on the sensor directly. This sensor can be attached to tablets and laptops for the control purpose. Figure 2 (c) is an octagonal-shaped encoding-based sensor with the size of 27 cm × 30 cm. The width of the Al electrode strip is 4 mm. The encoding method is established with this shape by varying the spacing of strip electrodes. With the octagonal shape, eight codes have been embedded on the sensor for the sensing and controlling purpose of eight directions. Figure 3 illustrates the working mechanism of the triboelectric-based self-powered sensors. The output signal is generated based on electrification and electrostatic induction effects [33] . Initially, there is no contact between the finger and sensor. Therefore, both the triboelectric sensor and the finger are uncharged. After that, a hand wearing nitrile glove contacts with the PTFE layer as depicted in Figure 3 (a) . Because of the large difference in electron-attracting abilities, the PTFE film attracts the electrons from the nitrile glove, resulting in the net negatively charged PTFE surface and net positively charged nitrile glove surface. Once the finger starts to slide on the PTFE surface, PTFE surface will attract more electrons from the nitrile glove. As a result, the triboelectric charge density on the surface of PTFE layer and nitrile glove will keep increasing and eventually becomes saturated and distributes evenly on the surface. The negative triboelectric charges on the PTFE surface will remain for a long period due to the insulating property of the polymer material [17] , [34] . The negatively charged PTFE surface will induce positive charges on the Al strip electrode as shown in Figure 3 (b) because of the electrostatic induction effect. When the finger slides on the surface of PTFE film and approaches the electrode, positive charges on the glove will attract electrons flowing from the ground to the Al electrode in order to balance out the excessive positive charges on the electrode. The flow of the electrons from the ground to the Al electrode results in a current flowing from the electrode to the ground through the load. Thus a positive voltage will be generated on the load as depicted in Figure 3 where there is no current flow through the load. When the finger slides away from the strip electrode, electrons will flow from the electrode to the ground, resulting in positive charges re-induced on the electrode as shown in Figure 3 (e). The flowing of electrons will result in a negative voltage generated on the load when referenced to the ground. Finally, as shown in Figure 3 (f), after the finger leaves the electrode, a new electrostatic equilibrium between the positive and negative charges will be reached. The real-time output voltage and the quantity of charge transferred across the load when the finger is sliding across an Al electrode with a width of 4 mm are depicted in Figure 4 . When the positive voltage peak is generated, electrons are flowing from the ground to the electrode. Therefore, negative charges are transferred across the load. While in the negative part of the output voltage, electrons flow back from the electrode to the ground, as a result, the charge transferred across the load returns to zero. The result is consistent with the aforementioned working mechanism in Figure 3 . In this way, an alternating current (AC) signal is generated without any external power supply. If this signal can be detected effectively, it can be used for controlling robotic devices and electronic system towards the IoT applications.
To investigate the performance and reliability of the proposed triboelectric-based sensor, for instance, the influence of contact materials, contact areas, sliding speeds, and contact forces on the output of the sensor, the real-time output voltage and the transferred charge profile have been measured based on a 4 mm wide Al electrode as shown in Figure 5 . Figure 5 (a) demonstrates the influence of different contact materials. Three circular-shaped contact materials with the same size (diameter of 9 mm) are investigated, including Al foil, nylon textile, and a cotton textile coated with Poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT:PSS). PEDOT:PSS is a material that can increase the triboelectric output level [26] . The sliding speed is controlled to be around 75 mm/s and the contact force is approximately 2 N, which is almost the same speed and force as we slide on the touchscreen of a mobile phone in daily life. The results indicate that with the larger relative position between the contact material and PTFE in triboelectric series, the higher output voltage is observed because the larger amount of charges have been induced and transferred. The PEDOT:PSS coated textile induces the largest amount of charges on the electrode, which leads to the highest output voltage in comparison with the other two materials. Therefore, the PEDOT:PSS coated textile is utilised as the contact material in this work. Figure 5 (b) investigates the effect of the contact areas on the output by employing three circular-shaped PEDOT:PSS coated textile with diameters of 5 mm, 10 mm and 15 mm (the sliding speed is around 75 mm/s and the contact force is about 2 N). As can be seen from the figure, the output voltage increases as the contact area increases. This is because the larger the contacting area is, the larger amount of transferred charges ( Q) is induced.
The output voltage at three different levels of the sliding speed: slow (∼45 mm/s), normal (∼75 mm/s) and fast (∼200 mm/s) have been investigated as shown in Figure 5 (c) (based on a PEDOT:PSS coated textile with diameters of 10 mm and the contact force is about 2 N). The amplitude of the output voltage increases as the sliding speed increases. This is because the faster the sliding speed is, the faster the electric charges are transferred. Therefore, it will result in higher current through the load, given that almost the same amount of charge is induced at different sliding speeds. Figure 5 (d) demonstrates that the stronger the contact force is, the larger the amount of triboelectric charge is induced (based on a PEDOT:PSS coated textile with diameters of 10 mm and a sliding speed around 75 mm/s). This is because the stronger the contact force applied on the electrode, the closer the contact between the PEDOT:PSS coated textile and PTFE layer, leading to a larger effective contact area and a better electrostatic induction. The results show that the proposed sensor is robust under various contact force working conditions. Figure 6 demonstrates the circuit diagram of the signal processing circuit. There are three major stages in the signal processing circuit, including the input stage, amplifier stage and comparator stage.
B. SIGNAL PROCESSING CIRCUIT

1) INPUT STAGE
The signal generated from the triboelectric-based sensor is an AC signal; however, a single power supply is used in the circuit design. In the single supply system, the negative half part of the AC signal will be clipped. In order to obtain both the positive and the negative parts of the AC signal, a DC offset needs to be applied to the AC signal. The DC offset is selected as one half of the power supply voltage to allow for maximum AC signal scaling. The power supply voltage in this system is 3.3 V. Thus the AC signal is shifted and centred at 1.65 V.
A voltage divider composed of two resistors is used to provide the DC offset voltage. Because the triboelectric-based sensors have high output impedance [13] , the resistors with high resistance value are employed in the voltage divider in order to provide a high input impedance of the signal processing circuit. Therefore, two 100 M resistors are chosen. The biased AC signal is then followed by a voltage follower because it has a very high input impedance and will allow the stage 2 to receive sufficient voltage.
2) AMPLIFIER STAGE
An AC coupled inverting amplifier is implemented to amplify the AC signal received from stage 1 [35] . The gain of the inverting amplifier is −2.13, which is set by the resistors R 3 and R 4 , assuming the AC coupling capacitor C 2 is shorted in AC signal. The frequency response of the amplifier is simulated by the LTspice R SPICE simulation software. The lower cut-off frequency (f L ) of the amplifier is 3.39 Hz. The simulation result is well matched with the measured result and the bandwidth is sufficient for the signal sensing application in this work.
3) COMPARATOR STAGE
A non-inverting comparator is designed to compare the amplified signal with a threshold voltage. The comparator is used to identify a peak in the signal and filter out the noise in the signal. If the signal is higher than the threshold voltage (V + > V − ), the output will saturate toward the power supply voltage; otherwise, the output will saturate toward the ground. When the finger slides across the sensor, voltage peaks will be generated. The peak voltage will be higher than the threshold voltage. Thus the output of the comparator will be 3.3 V. When the signal is below the threshold, the output will be 0 V.
The average signal output from stage 2 is the DC offset 1.65 V, which is one half of the power supply voltage. Therefore, a voltage higher than 1.65 V needs to be chosen as the threshold voltage. Two-thirds of the power supply voltage (2.2 V) is chosen in this work. The output of the comparator is then sampled by the ADC embedded on the MCU at the frequency of 500 Hz for data processing and controlling.
C. MICROCONTROLLER AND WIRELESS COMMUNICATION
The MCU used in the controlling circuit is ATmega328P from Atmel R [36] . It is a high performance and low power MCU. It has a built-in 8-channel 10-bit ADC which can be used to sample the output from the comparator. The MCU operates at 3.3 V with a clock speed of 8 MHz. VOLUME 7, 2019 After the signal processing, the MCU will send corresponding instructions to control the mobile robot wirelessly through the XBee-PRO R S3B module. The XBee-PRO R S3B module provides long-range wireless communication between devices. It operates at 900 MHz and enables the long-distance control of mobile robot. This is sufficient to cover the indoor and the outdoor controls.
D. THE DESIGN OF PCB
A printed circuit board (PCB) of the signal processing circuit has been designed and fabricated as shown in Figure 7 . The PCB is with the size of 4 cm wide and 8 cm long, which is suitable to be attached to mobile phones and ID cards. A rechargeable battery LIR2450 from Multicomp R is employed to power the MCU and the signal processing circuit to process the signal generated from the triboelectric-based sensors.
FIGURE 7.
The PCB design of the signal processing circuit to process the signal generated from the triboelectric-based sensor. Figure 8 depicts the block diagram of the robot control circuit for processing the instructions sent by triboelectric sensors. As the XBee-PRO R S3B receiver module receives signal, the MCU on the mobile robot will process the instructions accordingly, such as move forward, move backward, turn left, and turn right. The MCU sends the control signal to a motor drive, which drives the motors of the mobile robot. Two shaft encoders are equipped on the wheels to drive the robot straight. Figure 9 depicts the design of the mobile robot. As shown in Figure 10 , a camera is employed and the First Person View (FPV) live streaming video is transmitted by using the Turbowing 5.8 GHz transmitter to the Eachine RC832 receiver. The live streaming video is shown on an LCD screen. The transmitter and receiver operate at 5.8 GHz, and their transmission range is up to 100 m. 
E. AN APPLICATION EXAMPLE: MOBILE ROBOT CONTROL WITH LIVE STREAMING VIDEO SYSTEM
III. EXPERIMENTAL RESULTS
To evaluate the feasibility of the triboelectric-based sensors and the performance of the signal processing circuit, three sensors are fabricated and tested. The first two are based on the peak-detection method and the third one is based on the encoding method. The first one is an ID card-sized sensor, which can be attached to the mobile phones for controlling "things" wirelessly; the second one is a tablet-sized sensor, which can be attached to the tablets or the walls; the third one is an octagonal-shaped sensor. Figure 11 shows the procedure of the peak-detection method with noise peak rejection. The figure shows a 2-peak signal with a noise peak. The signal is sampled by the ADC at a frequency of 500 Hz in order to capture the rising and the falling edges of the signal effectively. In this example, 6 edges (E 1 to E 6 ) are captured and the corresponding time (T i ) is recorded as well. Thus the duration of each peak (D i ) can be calculated. The noise peak (D 2 ) will be removed because its duration is less than the predefined threshold duration (T th ). In order to detect the number of peaks accurately, it is necessary to choose an appropriate T th value for noise peak rejection. Based on experimental results, the duration of each noise peak generated in ID card-sized sensor is less than 5 ms, and less than 10 ms in both tablet-sized and octagonal-shaped sensors. The duration for an effective peak generated by sliding across an electrode is much longer than a noise peak. Therefore, the noise peak is rejected by setting an appropriate threshold value (T th ) in time domain. Based on this method, the 2-peak signal can be detected successfully. The software algorithm diagram of the peak-detection method is illustrated in Figure 12 . 
A. RESULTS OF ID CARD-SIZED SENSOR
To avoid sweaty hands affecting the performance of the sensor, and to overcome the limitation that the fingertip is larger than the spacing between the strip electrodes, a glove with finger cot is deployed as shown in Figure 13 (a) and (b) . A textile coated with PEDOT:PSS is attached to the tip of finger cot to increase the triboelectric output. A sliding starts from the middle grounded Al pad and ends at the outer grounded shield is illustrated in Figure 13 (c) and (d) . Figure 14 shows the output voltage signals of the ID cardsized sensor at three different stages of the signal processing circuit under normal (∼75 mm/s) sliding speed. The output signal of stage 1, which is the AC signal generated by the triboelectric-based sensor, shifted up by 1.65 V to the centre of the supply voltage. The output of the inverting amplifier is centred at 1.65 V as well, while the AC voltage has been amplified by the gain of 2.13. As can be seen from the plot, some peaks are clipped. However, clipping is not a problem in this work, because the information of the number of peaks is not lost. The peaks are transformed to square pulse by the comparator in stage 3, and the number of peaks can be easily identified at this stage. When different numbers of peaks are detected, corresponding instructions will be sent by the XBee R transmitter module to control the action of the mobile VOLUME 7, 2019 FIGURE 15. Instructions are formed to control the movement of robots based on the signal generated from ID card-sized triboelectric-based sensor.
FIGURE 16.
The generated output signal at (a) slow (∼45 mm/s) and (b) fast (∼200 mm/s) sliding speeds.
robot according to the instructions given in Figure 15 . For example, when the participant slides upwards, one peak will be generated and detected. The XBee R transmitter module will then transmit ''Forwards'' instruction to the robot. The robot receives the instruction and then moves forward. The system is capable of detecting peaks under various sliding speeds as shown in Figure 16 . With higher sliding speed, the amplitude of the output voltage will increase, and the width of the output voltage pulse will be narrower due to the shorter time of pulse generation. To evaluate the accuracy of the system, experiments have been conducted on 7 subjects to validate the accuracy of the system. In the experiment, the subject wears the glove and triggers each instruction 100 times. The recognition accuracy equals the number of correct recognition dividing the total number of instruction triggering. Table 1 is the recognition accuracy of the TABLE 1. Recognition accuracy of the ID card-sized sensor (out of 100 times measurements).
ID card-sized sensor. The result suggests that a high recognition accuracy has been achieved, which is above 99% on average. Figure 17 (a) and (b) illustrate a sliding posture which starts from the middle grounded Al pad and ends at the outer grounded shield. When the finger is sliding across four electrode strips, a 4-peak pulse will be generated. The spacing between the strip electrodes is 14 mm, which enables the finger to slide on the sensor directly. A glove with a textile coated with PEDOT:PSS is employed to increase the triboelectric output [26] as shown in Figure 17 (c) . Figure 18 shows the output signals of the tablet-sized sensor at three different stages of the signal processing circuit when different instructions are formed. The system is able to detect peaks effectively under various sliding speeds. The number of correct recognition dividing the total number of instruction triggering is the recognition accuracy. Table 2 shows the recognition accuracy is over 99% on average from the results of 7 subjects. 
B. RESULTS OF TABLET-SIZED SENSOR
C. RESULTS OF OCTAGONAL-SHAPED SENSOR
The octagonal-shaped sensor is encoded with 8 decimal numbers represented in binary format. Each code represents a rotate instruction of the mobile robot; hence a 360 • landscape can be captured by the camera on the robot. The encoding method is represented with the octagonal-shaped sensor as depicted in Figure 19 . A positive peak in the output will be recognised as digit number "1", and zero volts in the output will be recognised as digit number "0". When the finger slides across an electrode strip, a positive peak will be generated in the output. Therefore, an electrode strip is used to represent the digit number "1". All of the codes begin with a start bit "1" and end with a stop bit "1". Figure 20 illustrates the decoding method of the system. After the MCU receives the input signal, the software program will calculate the number of peaks between the start bit and the stop bit. For instance, 1 peak is detected between the start bit and the stop bit in Figure 20 (a). Then the system will calculate the total off-peak pulse duration (T off −peak ), which is the summation of each individual off-peak duration (T i ), and the number of bits represented by the off-peak duration (Bits off −peak ). Each code has a total length of 7 bits. In Figure 20 (a), 1 peak is detected between the start bit and the stop bit. Therefore, there are 6 digits of "0" during T off −peak . The average duration for a single digit "0" (T average ) is calculated by the equation 1, and the ratio of each off-peak duration T i_ratio is calculated by equation 2, where T i is an individual off-peak duration. The T i_ratio is then compared with a margin given in the Table 3 to convert the ratio to integer module values. For example, T 1 in Figure 20 (a) will be converted to 5 digits "0" and T 2 will be converted to 1 digit "0". In this way, the code "0000010" can be decoded and a direction instruction to turn the robot to the east (E) direction will be sent. The margin of the ratio is given by the 95% confidence interval based on a preliminary testing data set of 200 measurements. The margin will allow nonuniform sliding speed across the strip electrodes and the code still can be recognised successfully. However, the margin only allows a certain level of non-uniform sliding speed. If the speed exceeds the margin level, an error will occur. Figure 21 shows the output signals of the sensor when sliding across different codes. Table 4 shows the recognition accuracy is above 97% on average from the results of 3 subjects. Figure 22 illustrates an example of robot movements when different instructions are triggered. Figure 22 (a) shows the starting position of the robot. Then the code '010' is triggered, the robot turns right by 45 • to the north-east (NE) direction as shown in Figure 22 (b). After that, if the code '000' is triggered, the robot will make a 90 • turn to the south-east (SE) direction as shown in Figure 22 (c) . Lastly, the robot will turn to the north-west (NW) when the code '100' is triggered. With the control of the octagonal-shaped sensor, the robot can rotate in 8 directions. In this way, a 360 • panorama view can be obtained by the live streaming video system on the robot. A video demonstrates the real-time control of the robot rotation can be found in the Supporting Material Video 1. 
D. APPLICATION EXAMPLES
A prototype device for controlling the mobile robot is shown in Figure 23 . Figure 23 (a) depicts a smaller ID card-sized sensor is attached to the top layer of the PCB FIGURE 23. A prototype of the proposed device. (a) A smaller version of the ID card-sized sensor; (b) a highly stretchable and flexible silicone rubber substrate; (c) the prototype sensor is attached to a mobile phone; (d) the prototype sensor is attached to an ID card. as the controlling sensor. The electronic components layer of the PCB is embedded on a silicone rubber substrate as shown in Figure 23 (b). The substrate is made from Ecoflex TM 00-10. It has a length of 8 cm, a width of 4 cm, and a height of 1 cm. Ecoflex TM rubber is very soft, stretchable and flexible. The good adhesion of the Ecoflex TM rubber enables the PCB to be attached to many devices, such as the mobile phones and the ID-cards as shown in Figure 23 (c) and (d). A video shows the real-time control of the robot movements by this prototype can be found in the Supporting Material Video 2. Table 5 summaries some recent TENG-based control interfaces such as touch sensors and keyboards. Compared with other works, the sensors proposed in this work have singleoutput-electrode, and higher control resolution without additional data acquisition channel. The signal is processed on the MCU, and control instructions can be sent wirelessly via the portable device.
IV. CONCLUSION
This paper presents a flexible, single-output-electrode triboelectric-based sensor that can be used for controlling remote IoT devices. Three sensors and control interfaces have been presented. Two of them are based on a peak-detection mechanism in which a different number of peaks in the output signal is used to form different control instructions. The other octagonal-shaped sensor is based on an encoding method. With this octagon shape, eight codes can be encoded on the sensor and form eight control instructions. The signal processing circuit and the sensing control mechanism with decoding algorithms are designed for the proposed triboelectric sensors, which are used for real-time controlling of a mobile robot with wireless live streaming video. The proposed sensors can generate multiple voltage peak signals with a single-output-electrode, which demonstrates a great potential to increase the controlling instructions without increasing the number of output electrodes. High recognition accuracy of above 97% on average are achieved from several subjects' experimental tests. This work demonstrates the possibility that the TENG-based sensors can be used for real-time controlling of embedded systems. The flexibility, self-powered, single-electrode-output, and low-cost of the TENG-based sensor show great advantages toward remote controlling of IoT devices and systems.
